The final architecture and morphology of the fibrous chaperones bind subunits as they emerge in the periorganelle will depend on subsequent subunit:subunit plasm via the Sec pathway, assist in their folding, and interactions that determine the coiling of secreted fibers partition them away from nonproductive aggregation into different structures such as rigid pili, thin fibrillae, pathways by capping their assembly surfaces. The or capsules. Rigid pili (e.g., type 1 and P pili) are rodchaperones deliver subunits to the outer membrane like appendages constructed from several different subusher where they are released from the chaperone and units. A specialized receptor binding protein (adhesin) assembled into linear fibers that are secreted through is often incorporated into a more flexible structure at the oligomeric usher pore to the cell surface. The Ig-like fold of pilins consists of two sheets packed to 1.7 Å resolution using a combination of MAD and MIR against each other in a ␤ sandwich. In Caf1, sheet 1 techniques (Table 1) . comprises strands ABED and sheet 2 comprises strands The Caf1M chaperone has the typical fold of periplas-FCCЈ ( Figures 1A and 1D) . The longer acceptor cleft in mic chaperones with two domains oriented at ‫09ف‬Њ Caf1 compared to FGS subunits is the result mainly of differences in the path of strand A. In all the available angle ( Figure 1A ). Both domains are 7-stranded ␤ sand- Figure 2A .
functional significance of the differences between FGS wiches with Ig-like topology. The longer N-terminal and F 1 -G 1 FGL sequences correspond to A 1 and G 1 edge and FGL chaperones, as well as the structural organizastrands that are significantly longer than in FGS chapertion of nonpilus adhesive organelles, is unclear.
ones. Only limited electron density is observed for the The F1 capsular antigen from the plague pathogen F 1 -G 1 loop (residues 104-123), suggesting that it is flexiYersinia pestis consists of linear fibers of a single subunit ble and disordered in the crystal. A disulfide bond be-(Caf1) and serves as a prototype for nonpilus organelles tween Cys98 and Cys137 that is important for folding assembled via the FGL chaperone/usher pathway of Caf1M (Zav'yalov FimC and PapD (data not shown) and is likely to be a cate that efforts to develop effective plague vaccines, general feature of chaperone:subunit complexes. diagnostics for rapid detection, and novel antibiotics Strand G 1 in Caf1M is hydrogen bonded to strand F in are vital. Knowledge about the structure and assembly Caf1, the chaperone A 1 strand is hydrogen bonded to of F1 antigen will aid such efforts. the subunit A strand. As in FGS chaperone:subunit comHere, we present two X-ray structures corresponding plexes, hydrophobic residues from the chaperone G 1 to snapshots of chaperone-assisted F1 fiber assembly.
strand are donated to the subunit to compensate for The structure for the Caf1M:Caf1 preassembly complex the missing G strand ( Figures 1A and 1B) . The longer reveals the structural basis for the conserved differences G 1 donor strand in Caf1M contributes five rather than between FGS and FGL chaperones. A Caf1M:Caf1:Caf1 three hydrophobic side chains as in the FGS complexes, complex corresponding to the smallest possible F1 fiber and the acceptor cleft of Caf1 is correspondingly much together with genetic data reveals how subunits interact longer than in the pilus subunits. The longer A 1 strand in a fiber assembled via the chaperone/usher pathway in Caf1M also interacts more extensively with the suband provides direct evidence for DSE assembly. Comunit than the A 1 strand in FGS chaperone:subunit comparison of chaperone bound Caf1 subunit with the subplexes. As in pilus chaperone:subunit complexes, the unit in the fiber suggests that the chaperone traps a subunit C terminus is anchored in the cleft of the chaperfolding intermediate of Caf1, where the formation of a one by hydrogen bonds to a pair of invariant positively condensed hydrophobic core is not yet fully completed. charged residues (Arg20 and Lys139). A model is proposed in which release of the subunit The G 1 donor strand starts at Val126. This residue is allows folding to be completed, driving assembly. positioned between the short AЈ strand and the F strand of Caf1 with main chain hydrogen bonds to Ile29Ј and
Results and Discussion
Gly136Ј (Caf1 residues are primed to distinguish them from Caf1M residues). The G 1 donor strand runs parallel Structure of Caf1M:Caf1 Preassembly Complex with and is hydrogen bonded to the subunit F strand To gain insight into the structure and assembly of nonpialmost all the way to the subunit C terminus. Val126, lus organelles, we decided to determine the X-ray strucVal128, Val130, and Phe132 in the G 1 donor strand point ture for the Caf1M:Caf1 preassembly complex. Overexinto the acceptor cleft and are inserted deep into the pression of Caf1M and Caf1 in the absence of Caf1A hydrophobic core of Caf1 ( Figure 1B ). The importance usher results in periplasmic accumulation of preassemof Val126 to subunit binding has been highlighted by bly complex and also in formation of short periplasmic mutagenesis (MacIntyre et al., 2001). Due to the twist F1 fibers capped at one end by a single Caf1M molecule of ␤ strands, Ile134 is oriented more perpendicular to (Zavialov et al., 2002) . Deletion mutations in the putative the acceptor cleft and is part of an additional layer of N-terminal donor strand of Caf1 blocked assembly. To hydrophobic residues above the cleft. Tyr12, Val14, and simultaneously block assembly and facilitate purificaIle16 in the chaperone A 1 strand also contribute to this tion, the Caf1 N-terminal donor sequence was replaced layer which is continuous with the hydrophobic core of by a six-His tag. The resulting binary complex was purithe chaperone N-terminal domain ( Figures 1B and 1C ). fied and crystallized , and solved
The Ig-like fold of pilins consists of two sheets packed to 1.7 Å resolution using a combination of MAD and MIR against each other in a ␤ sandwich. In Caf1, sheet 1 techniques (Table 1) . comprises strands ABED and sheet 2 comprises strands The Caf1M chaperone has the typical fold of periplas-FCCЈ ( Figures 1A and 1D ). The longer acceptor cleft in mic chaperones with two domains oriented at ‫09ف‬Њ Caf1 compared to FGS subunits is the result mainly of differences in the path of strand A. In all the available angle ( Figure 1A ). Both domains are 7-stranded ␤ sand- Figure 2A .
To confirm that the identified donor strand alignment was also formed on assembly of surface F1 polymer, the mutation T10CT139C was introduced into the plasmid pFMA1 (expresses chaperone, subunit, and outer membrane usher). Caf1T10CT139C was secreted to the cell surface, although somewhat less efficiently than the wild-type ( Figure 2D ). In the presence of DTT, after boiling, both native and mutant F1 polymers denatured to show only monomers of Caf1. In the absence of DTT, the surface-extracted Caf1T10CT139C was primarily visible as HMW polymer on both Coomassie blue staining ( The structure of Caf1M and of the chaperone bound N-terminal region of Caf1″ is disordered. In contrast, the N-terminal region of Caf1Ј is ordered and forms an antiparallel donor strand interaction with the last (F) strand of Caf1″ (Figure 3) . The donor strand binds to the subunit F strand as predicted by our double-cysteine assay (Figures 2A and 3A) . DSE occurs with a change in direction of the donated strand to produce a bona fide Ig-like topology in the fiber-subunit, as predicted (Choudhury et al., 1999; Sauer et al., 1999). A similar "topological transition" has also recently been observed for the P pilus subunit PapE bound to a peptide (Sauer et al., 2002) . The N terminus of the Caf1Ј donor strand is next to the Caf1″ C terminus, and there is a one-byone exchange of subunit for chaperone donor residues in the acceptor cleft (compare Figures 1B and 3B) . In contrast, the N terminus of the donor peptide bound to PapE was far from the subunit C terminus, and the peptide did not bind in the same register as the chaperone G 1 donor strand in the PapE acceptor cleft (Sauer et al., 2002) . We have denoted the N-terminal donor strand "G d " (d for donor) because in the fiber it plays the same structural role as the (C-terminal) G stand of the canonical Ig fold.
The two Caf1 subunits in the complex are significantly different with a rmsd of 1.20 Å for 130 equivalent C␣ atoms. This difference is due to a conformational change resulting in a more shallow and narrow hydrophobic groove on the surface of Caf1″ compared to Caf1Ј (Figures 1B and 3B) . The side chain of Leu13Ј occupies the space filled by Val126 in the chaperone:subunit complex and is inserted deeply into the subunit core. In contrast, the remaining G d donor residues do not penetrate the core of the subunit to the same extent as the corresponding residues in the chaperone:subunit complex. Instead the side chains pack into rather shallow subpockets on the surface of Caf1″. This is probably a general feature of the nonpilus systems since their G d donor residues tend to be relatively small compared to the Figure 6A ). Sheet 2 of the ␤ sandwich remains and 3C). Owing to this switch from a two-strand interaction between chaperone and subunit to a one-strand essentially unchanged but there is some distortion of sheet 1, mainly in the A strand and at the ends of the interaction between subunits, chaperone:subunit contacts involve a much larger surface area than subsheet. One example that illustrates how Caf1 repacks as a result of DSE is given in Figure 6B . On removal of unit:subunit contacts. For example, in F1, ‫0063ف‬ Å 2 total and ‫0522ف‬ Å 2 hydrophobic surface area is buried at the the bulky side chain of Phe132 in the chaperone G 1 donor strand, the side chains of Leu21″, Leu46″, and Caf1M:Caf1 interface. Only ‫0522ف‬ Å 2 total and ‫0041ف‬ Å 2 hydrophobic surface area is buried between the two Val142″ move in to fill the space. The small remaining pocket at the surface of Caf1″ is filled by the methyl Caf1 subunits in the ternary complex. This suggests that subunits bind tighter to the chaperone than to each group of Thr7Ј in the G d donor strand. To further investigate the ␤ sheet packing in the two other, unless the fit between chaperone and subunit is much poorer than between two subunits.
forms of Caf1, we calculated the shape correlation statistic for the sheet 1-sheet 2 interface. The difference in To examine the geometrical fit between protein surfaces in the complexes, we calculated the shape correlapacking is reflected in a much higher S c -value for the two sheets in Caf1″ (S c ϭ 0.71) than in Caf1Ј (S c ϭ 0.58). tion statistic (S c ) (Lawrence and Colman, 1993) for the Caf1M:Caf1 and Caf1Ј:Caf1″ interfaces. This statistic The value of S c for Caf1″ is similar to that found for packing of ␤ sheets in stable ␤-barrels (data not shown), provides a measure of the packing of two protein surfaces. A value of S c ϭ 0 indicates no geometrical fit, whereas the low S c value for chaperone bound Caf1Ј reflects a poorly packed hydrophobic core. The low S c whereas a value of S c ϭ 1 corresponds to two perfectly ways resembles a molten globule where secondary structure elements are formed but the hydrophobic core is not yet fully developed. We do not imply that the bound structure is a molten globule, merely that it has several of the characteristics of this state. This conformation is expected to be highly unstable in solution. The fiber form of Caf1 (and the peptide bound form of PapE) has a much more native-like structure that might be at least marginally stable in solution. This suggests that the chaperones trap subunits in a molten globulelike conformation and that folding energy might contribute to driving assembly ( Figure 6C) . A more complete understanding of chaperone/ushermediated assembly awaits further experimentation to determine the kinetics and thermodynamics of the process. The data and the models presented here provide a solid framework for such work.
Concluding Remarks
Conformational changes are of fundamental importance in many if not all biological processes. Changes ranging from local side chain rearrangements to large scale loop and domain movements are well documented. Here, a different type of conformational change involving the entire hydrophobic core of a protein is described. This conformational change provides an explanation for the mechanism by which periplasmic chaperones mediate subunit folding and polymerization in the absence of cellular energy. By arresting subunit folding and trapping the subunit in a molten globule-like high-energy conformation, the chaperone preserves folding energy that can drive assembly even when chaperone:subunit interactions are more extensive than subunit:subunit interactions in the fiber. In this model, assembly is driven by the sum of the free energies for subunit collapse (⌬G f ) and subunit-subunit binding (⌬G ds ) ( Figure 6C ). The contribution of the two ⌬G terms might vary between systems, but the analysis of our structures shows that the ⌬G f term cannot be ignored.
Biological polymers are formed by head (proteins and fatty acids) or tail (DNA, RNA, and polysaccharides) polymerization reactions. Head polymerization means that each monomer carries a high-energy bond that is used for addition of the next monomer. In tail polymerization, each monomer carries a high-energy bond for its own addition. Our study illustrates formation of fibers by head polymerization. The folding energy preserved in the chaperone bound subunit at the base of a growing fiber is used for incorporation of the next subunit. Is R free for a test set comprising 5% of the data. Refinement statistics F1T12C-1, GCACCACTGCAACGGCAtgtCTTGTTGAACCAGCC; are given in Table 1 .
F1K137C-1, CGGTAAACTTGCAGCAGGTtgcTACACTGATGCTG
The binary complex model includes residues 7-49, 59-103, 124-TAACCG; F1T139C-1, CTTGCAGCAGGTAAATACtgcGATGCTGTA 205, and 213-233 in Caf1M, and all residues following the 6-His tag ACCGTAACCGTATC; and F1A141C-1, GCAGCAGGTAAATACACT in Caf1 (residues 14-149). 99.0% of the residues are in the core GATtgcGTAACCGTAACCGTATCTAACC. For each construct, two region of the Ramachandran plot. The model for the ternary complex transformants were selected, caf1 and caf1M DNA sequences conincludes residues 9-54, 59-107, and 122-234 in Caf1M; all residues firmed, and intersubunit disulfide bond formation assessed. pFMA1 in Caf1Ј; and residues 16-107 and 111-149 in Caf1″. 97.0% of the derivative of T10CT139C was prepared by gel purifying the 713 residues are in the core region of the Ramachandran plot. bp fragment from pFM1-F1T10CT139C and ligating this with PstI Accessible surface area calculations were performed with prodigested pFMA (Chapman et al., 1999). Transformants were grams based on the Yale algorithm (Miller et al., 1987 ) using a probe screened for a single insert using BglI and SpeI and for the correct radius of 1.4 Å . Cavity calculations were done with Voidoo (Kleywegt orientation using AatII and SpeI. and Jones, 1994). Figures were generated with MOLSCRIPT (Kraulis, 1991) and GRASP (Nicholls, 1993) .
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